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The purpose of the present study was to determine whether positron emission tomography (PET) The dopamine (DA) system has been implicated in the etiology and maintenance of many affective disorders (see reviews by Baldessarini 1997; Efange and Mach 1993; Jaber et al. 1996) . Receptors within the dopamine system have been divided into two families, D 1 and D 2 receptors, based on anatomic and functional criteria (Kebabian and Calne 1979) . Much in vivo research on the central mechanisms of these disorders has been conducted using positron emission tomography (PET) and radioligands selective for the D 2 receptor subtype (see Efange and Mach 1993) . For example, there is evidence of differences in postsynaptic D 2 receptor density in individuals suffering from schizophrenia (Pearlson et al. 1995; Seeman 1987; Tune et al. 1993; Wong et al. 1986 Wong et al. , 1997 ), Parkinson's disease (Hagglund et al. 1986; Rinne et al. 1990 ) and cocaine abuse , as compared to age-matched controls.
Currently, much of the PET D 2 receptor imaging research has utilized animal models, because they allow the subject's environment to be strictly controlled and interventions to be made that are not otherwise allowable in humans. In the majority of these studies, anesthesia is required to prevent the animal from moving during the imaging period. A common part of the anesthetic protocol is the use of ketamine as a pre-anesthetic to sedate the animal for transport to the imaging facility and to allow anesthesia to be induced. There is, however, some controversy regarding the effects of ketamine on the dopamine system. In a recent PET study in human subjects, a subanesthetic dose of ketamine (0.5 mg/kg, IV) decreased dopamine receptor availability as determined by [ 11 C]raclopride binding (Smith et al. 1998) . The investigators concluded that ketamine increased striatal dopamine concentrations, which resulted in decreased binding of [ 11 C]raclopride to D 2 receptors. In other experiments using animals, ketamine has been shown to increase DA release (e.g., Irifune et al. 1997; Keita et al. 1996; Lindefors et al. 1997; Moghaddam et al. 1997) or to have no significant effect on striatal levels of DA (e.g., Bacopoulos et al. 1979; Mantz et al. 1994; Torres et al. 1994) .
The goal of the present study was to evaluate the effects of ketamine induction on D 2 receptor binding in monkeys. The ligand used was fluoroclebopride (FCP), an F-18 labeled ligand of the D 2 receptor, which we have previously demonstrated to be effective in imaging studies in nonhuman primates (Grant et al. 1998; Mach et al. 1996 Mach et al. , 1997 . In this study, the within-subject effects of ketamine-vs. isoflurane-induced anesthesia on D 2 receptor density were examined in five monkeys. We found that the variability between studies was extremely low, indicating that ketamine induction did not influence D 2 binding of [ 
METHODS

Subjects
Five experimentally-naive adult male cynomolgus monkeys ( Macaca fascicularis ) served as subjects. Body weights of all monkeys were maintained at approximately 95% of their free-feeding weight by daily feeding of Purina Monkey Chow (range of weights were 3.23 to 5.21 kg). Monkeys were weighed each week and, if necessary, their diet (100 to 120 g/day) was adjusted to maintain stable weights. In addition, monkeys were given a chewable multiple vitamin tablet and fresh fruit 3 days/ week; water was always available in the home cage.
Experimental Procedure
Each monkey was fitted with a nylon collar (Model B008, Primate Products, Redwood City, CA) and trained to approach the front of the cage when the investigator was present. A stainless steel rod (Model R011, Primate Products), with a latch on the end, was attached to the collar and the monkey was guided into the monkey chair. Within 3 weeks of training, monkeys sat calmly in the primate restraint chair for approximately 20 to 30 min each day. Next, each monkey was acclimated to having an anesthesia mask placed over its face by rewarding it with Tang solution after several seconds of mask placement. This procedure was conducted daily, with the amount of time that the mask remained on the face gradually increasing to approximately 1 min. Within 1 week of training, all monkeys remained calm during this procedure.
PET Study 1: Isoflurane Induction
For the first PET study (Study 1), each monkey was removed from its home cage, placed into a single cage, and transported to the animal holding room of the PET Center on the day before the study. Before the start of the PET study, the monkey was placed in a primate chair, and anesthesia was induced with 4 to 5% isoflurane (in O 2 ) by placing an anesthesia mask over the monkey's face. Once sedated, the monkey was removed from the primate chair, intubated ( ‫ف‬ 3.5-mm endotrachea tube), and maintained on ‫ف‬ 1.5% isoflurane anesthesia throughout the procedure.
The monkey was then placed in the PET scanner, and its head was positioned within the scanner. During the scan, the temperature of the monkey was maintained through the use of a heating pad (temperature of the circulating water ϭ 40 Њ C). The following vital signs were monitored throughout the scanning procedure: heart rate, blood pressure, respiration, and body temperature. Arterial blood gases were monitored periodically for PO 2 and PCO 2 levels by testing blood samples using an Instrumentation Laboratory Model 1306 pH/ Blood Gas Analyzer.
PET Study 2: Ketamine Induction
For the second PET scan (Study 2), which occurred at least 1 month after Study 1, each monkey was anesthetized with 10 mg/kg ketamine, transported to the PET Center, intubated, and maintained on isoflurane anesthesia ( ‫ف‬ 1.5%) for the remainder of the study. Maintenance of anesthesia by isoflurane occurred within 30 min of ketamine induction, and the PET scan started approximately 2 h after ketamine administration. All other procedures were identical to those described above for Study 1.
PET Procedures
Once the monkey was anesthetized and placed into the PET scanner, catheters (22-gauge angiocath; Becton Dickinson Vascular Access, Sandy, UT) were placed in an external artery and vein by percutaneous sticks, and fluids were delivered to the monkey (approximately 12 drops/min, lactated Ringer's solution, IV) throughout the study. To ensure that the monkey did not move during the PET study, a paralytic (0.07 mg/kg vecuronium Br, IV) was administered, and respiration was maintained on a ventilator. Supplemental doses of vecuronium Br (0.1 mg/h) were administered throughout the study.
All PET scans were performed with a Siemens/CTI ECAT 951/31 PET scanner. This imaging device has 16 contiguous detector rings that provide 31 image planes with a slice thickness approximately equal to 3.4 mm. The Bismuth Germanate (BGO) block detector architecture of the scanner provides a measured resolution full width at half maximum (FWHM) in the center of the field of view (FOV) of 5.6 ϫ 5.6 mm in the radial and tangential directions and 5.5 mm axially, to about 6.0 to 6.5 mm, 10 cm from the center.
The synthesis of [ (Mach et al. 1993a, b) . At the start of the scan, approximately 4 mCi of [ 18 F]FCP was injected, followed by 3 ml of heparinized saline. At appropriate times, arterial blood samples were withdrawn and placed into preheparinized minicentrifuge tubes for analysis (as described in detail in Mach et al. 1996) . Images were taken for the following time frames: 5 ϫ 1 min, 5 ϫ 2 min, 5 ϫ 5 min, 8 ϫ 10 min, and 3 ϫ 20 min. The completed scan contained a total of 26 frames over 180 min. Regions of interest were drawn over the basal ganglia and cerebellum, and tissue-time activity curves were constructed by plotting the percentage injected dose per cubic centimeter of tissue (%i.d./cc) vs. time post IV injection of radiotracer. The distribution volume (DV) for the basal ganglia and cerebellum was determined using the graphic technique of Logan et al. (1990) . The linear portion of the Logan plot was used to determine the DV for each region, which in all cases included the last 80 min of the scan (five frames). The ratio of the DV for the basal ganglia and the cerebellum, the distribution volume ratio (DVR), was used as a metric of specific binding and is related to the binding potential (Mintun et al. 1984) by the formula DVR Ϫ 1 ϭ binding potential ). The basal ganglia:cerebellum ratio was calculated by dividing the %i.d./cc of the basal ganglia by the value obtained from the cerebellum.
Statistical Analysis
Data are presented for each subject and as group means ( Ϯ SEM). Paired t -tests were used to determine differences between PET studies with isoflurane-and ketamine-induced anesthesia (Study 1 vs. Study 2), with p Ͻ .05 defined as statistically significant. For measures of time to peak uptake (Table 1) , the group value represents the time in which the overall mean for %i.d.cc tissue was maximal.
RESULTS
Mean body weights for the five monkeys were not significantly different (t[4] ϭ 1.75, p Ͼ .15) between Study 1 (4.34 kg) and Study 2 (4.55 kg). There were no significant differences in the dose of FCP injected during the first and second studies (t[4] ϭ 0.34, p Ͼ .74), with mean values of 3.58 mCi and 3.47 mCi, respectively. On average, there were approximately 55 days (range ϭ 35 to 75 days) between the isoflurane-and ketamine-induced anesthesia PET studies.
Mean tissue-time activity curves for the basal ganglia (BG) and cerebellum (Cb), the two regions of interest, from the first PET study ( n ϭ 5 monkeys) are shown in Figure 1 ( a Induction of anesthesia by 5% isoflurane; maintenance with ‫ف‬ 1.5% isoflurane. b Induction of anesthesia by 10 mg/kg ketamine; maintenance with ‫ف‬ 1.5% isoflurane.
observed in the BG. When the monkeys were initially anesthetized with 10 mg/kg ketamine (Study 2) before the PET study (Figure 1 , top panel, open symbols), there were no apparent differences in tissue-time activity curves compared to the first PET scan. Normalized peak uptake values (%i.d./cc), postinjection time at which peak uptake occurred and linear half life (t 1/2 ) clearance rates from the BG were determined from the mean tissue-time activity curves. For PET Study 1, the average peak uptake in the BG occurred at about 27.5 min postinjection (Table 1) (Table  1) . The between-subject range of washout was 123 to 160 min. When retested with ketamine induction (Study 2), the average peak uptake in the BG occurred at approximately 27.5 min postinjection (Table 1) (Table 2) . Direct comparisons between Study 1 and Study 2 revealed withinsubject variability of DVRs of approximately 2%; these differences were not statistically significant (t[4] ϭ 0.64, p Ͼ .55). Graphical representation of BG:Cb time activity curve ratios for the isoflurane-and ketamine-induced anesthesia studies is shown in Figure 1 (bottom panel) . As reported previously for this ligand (Mach et al. 1996) , the rapid rate of washout of [ 18 F]FCP from the BG and Cb resulted in a high BG:Cb ratio, reaching a peak value of 3.46 (Ϯ0.31) at approximately 65 min postinjection in Study 1, when anesthesia was induced by isoflurane. In Study 2, the mean peak BG:Cb ratio was 3.42 (Ϯ0.22) at 65 minutes postinjection. There were no statistically significant differences in the BG:Cb ratios (t[4] ϭ 0.23, p Ͼ .82) between Study 1 and Study 2. Arterial plasma radioactivity curves and metabolite corrected plasma curves were not significantly different between the first and second PET studies (data not shown) and are similar to data reported previously for this ligand (Mach et al. 1996) .
DISCUSSION
The use of PET imaging has allowed for the systematic study of changes in receptor density or function in the same subject over long periods of time (e.g., Mach et al. 1997; Volkow et al. 1993) . The primary goal of the present study was to compare the effects of inducing anesthesia with ketamine (10 mg/kg) vs. inducing anesthesia with isoflurane ‫)%0.5ف(‬ in monkeys. We found no statistically significant differences in [ 18 F]FCP binding to D 2 receptors attributed to the method of anesthesia induction (ketamine vs. isoflurane). Furthermore, the variability between the two studies was approximately 2%, indicating that this ligand is ideal for labeling D 2 receptors.
Previous research has shown that ketamine anesthesia can affect D 2 binding in PET studies. For example, the effects of ketamine anesthesia on N-[ 11 C]methylspiperone (NMSP) binding were examined in rhesus monkeys (Onoe et al. 1994) . In that study, monkeys were placed into a specially designed primate restraint chair that allowed PET studies to be conducted while the animals were awake. The investigators found that 5 mg/kg ketamine, administered 30 min before the start of the PET study, increased the binding for [ 11 C]NMSP as compared to values in conscious monkeys. There were no differences in NMSP uptake in the cerebellum, indicating that blood flow changes could not account for their results. These results are in contrast to the findings of the present study, in which ketamine had no effect on [ 18 F]FCP binding in cynomolgus monkeys. The most likely explanation for the discrepant results involves the study of conscious monkeys by Onoe et al. (1994) . The higher binding of [ 11 C]NMSP in the ketamine-treated monkeys as compared to the conscious monkeys may be attributable to higher levels of stress in the latter group, which may have elevated levels of DA in the striatum (see Cabib and Puglisi-Allegra 1996 for review). Increases in synaptic DA levels would be consistent with a decrease in binding (e.g., Mach et al. 1997) . Unfortunately, no measures of stress, such as cortisol levels, were reported, which would have provided an interpretation for this discrepancy.
A second possible explanation for the different results of Onoe et al. (1994) as compared to the present findings may involve the radioligands used to label D 2 receptors. Compared to FCP, NMSP is less selective for D 2 receptors, also binding with high affinity to the serotonin 5-HT 2 receptor (Leysen et al. 1978) . Ketamine has been shown to decrease the concentration of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the striatum of rodents (Irifune et al. 1997) , which may have contributed to the elevated NMSP binding reported by Onoe et al. (1994) . Consistent with this observation was the finding that [ 11 C]-NMSP binding in the striatum of monkeys was higher when anesthesia was maintained by ketamine versus isoflurane (Kobayashi et al. 1995) .
The present results can also be contrasted with recent PET studies that have examined the effects of ketamine on D 2 receptor binding in humans (Breier et al. 1998; Smith et al. 1998 ). In the Smith et al. (1998) study, two groups of subjects were scanned twice in one day: an initial baseline scan and a second scan following ad- ministration of a subanesthetic dose of ketamine (0.5 mg/kg, IV), administered over 20 min. In one group, ketamine was injected immediately before the start of the PET study, whereas in the second group, [ 11 C]raclopride was injected 10 min into the ketamine infusion, and the ketamine infusion continued for the initial 10 min of the PET study. For both groups, the distribution volume in the striatum was significantly lower following ketamine, as compared to the baseline levels. In the Breier et al. (1998) study, a bolus infusion imaging protocol was used with [ 11 C]raclopride. The results of this study revealed an 11% reduction in D 2 receptor binding, which is consistent with a decrease in D 2 receptor availability caused by an elevation of synaptic DA levels. However, the possibility that the subanesthetic doses of ketamine were stressful to the human subjects cannot be ruled out, because ketamine significantly increased cortisol levels (Smith et al. 1998 ) and resulted in a significant elevation in positive (i.e., "psychotic") and negative (i.e., blunted affect) symptom scores (Breier et al. 1998) as determined by the Brief Psychiatric Rating Scale (BPRS).
Another possibility for the discrepant results between the two recent human studies and the present findings may involve the sensitivity of the radioligands to extracellular DA levels. However, both raclopride and FCP have reversible binding kinetics at D 2 receptors, so that the binding is influenced by fluctuations in extracellular DA levels (e.g., Dewey et al. 1992; Mach et al. 1997) . For example, administration of indirect acting DA agonists, such as d-amphetamine or cocaine, increased the rate of washout of [ 18 F]FCP from the basal ganglia of rhesus monkeys, indicating that the binding of FCP is influenced by synaptic DA levels (Mach et al. 1997) . Thus, the lack of effect of ketamine in the present study cannot be attributed to an inability of synaptic DA to compete with FCP for D 2 receptors. Taken together, these findings suggest that the most likely explanation for the differences in results between the present study and the previous human studies (Breier et al. 1998; Smith et al. 1998) involves when the ketamine was administered in relation to the start of the PET study.
Although the present results suggest that ketamine anesthesia does not differentially affect [ 18 F]FCP binding compared to anesthesia induced by isoflurane, it should be pointed out that a systematic study of ketamine's effects on D 2 binding was not conducted. Others have shown that under much more extreme conditions, 8-day treatment with the NMDA antagonist dizocilpine enhanced DA turnover (Reith et al. 1998) , thereby suggesting that the dopaminergic system can be modified by long-term NMDA blockade. The primary goal of the present study was to determine whether, under the conditions employed, induction by ketamine would differentially affect our PET results. Only one dose of ketamine was examined (10 mg/kg), and it was administered approximately 2 h before the start of the PET study. PET studies in baboons using [ 11 C]-ketamine reported a high uptake into the brain with a rapid washout from the striatum and cerebellum (Shiue et al. 1997) . In microdialysis studies in rodents, ketamine elevated striatal DA levels in a time-dependent manner, with peak values occurring at 20 to 60 min after ketamine administration and returning to control values within 140 min (Lindefors et al. 1997 ). Thus, it is possible that if ketamine were given closer to the start of the PET study, differences between induction methods would have been observed.
In summary, the present findings add to a growing body of evidence that [ (Grant et al. 1998; Mach et al. 1996) , which was replicated in the present study. The present results extended these findings to show that, under the conditions used in this experiment, ketamine-induced anesthesia does not significantly influence [ 18 F]FCP binding to D 2 receptors compared to anesthesia induced by isoflurane. Although the present experiment did not specifically evaluate the test-retest variability of FCP, the low between-study variability indicates that this ligand should be an excellent PET radiotracer for the longitudinal study of changes in D 2 receptors in nonhuman primate models of disease.
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